In the early stage of diabetic nephropathy (one of the major microvascular complications of diabetes) glomerular hyperfiltration and hypertrophy are observed. It is clinically important to regulate glomerular hypertrophy for preventing glomerulosclerosis. The number of glomerular endothelial cells is known to be increased in diabetic nephropathy associated with enlarged glomerular tufts, suggesting that the mechanism is similar to that of angiogenesis. Tumstatin peptide is an angiogenesis inhibitor derived from type IV collagen and inhibits in vivo neovascularization induced by vascular endothelial growth factor (VEGF), one of the mediators of glomerular hypertrophy in diabetic nephropathy. Here, we show the effect of tumstatin peptide in inhibiting alterations in early diabetic nephropathy. Glomerular hypertrophy, hyperfiltration, and albuminuria were suppressed by tumstatin peptide (1 mg/kg) in streptozotocin-induced diabetic mice. Glomerular matrix expansion, the increase of total glomerular cell number and glomerular endothelial cells (CD31 positive), and monocyte/macrophage accumulation was inhibited by tumstatin peptide. Increase in renal expression of VEGF, flk-1, and angiopoietin-2, an antagonist of angiopoietin-1, was inhibited by tumstatin treatment in diabetic mice. Alteration of glomerular nephrin expression, a podocyte protein crucial for maintaining glomerular filtration barrier, was recovered by tumstatin in diabetic mice. Taken together, these results demonstrate the potential use of antiangiogenic tumstatin peptide as a novel therapeutic agent in early diabetic nephropathy.
D
iabetic nephropathy is complicated in 30 -40% of patients with type 2 diabetes and is the most common pathological disorder predisposing end-stage renal diseases in Japan and in the western world (1) . Hyperglycemia is involved in the progression of diabetic nephropathy, and early alterations in diabetic nephropathy include glomerular hyperfiltration, glomerular and tubular epithelial hypertrophy, and the development of microalbuminuria (2) . These early alterations are followed by the development of glomerular basement membrane thickening, the accumulation of extracellular matrix components in mesangium as well as in the interstitium, and the increase of urinary albumin excretion, eventually leading to glomerulosclerosis and progressive loss of renal function (3, 4) . The involvement of angiotensin II, insulin-like growth factor-1, and transforming growth factor (TGF)-␤1 in the development of diabetic nephropathy have been reported (5, 6) . Vascular endothelial growth factor (VEGF) is one of the potent stimulators of angiogenesis with the capacity to promote endothelial cell proliferation, migration, and tube formation (7) . VEGF also induces vascular permeability and endothelium-dependent vasodilatation in association with endothelium-derived nitric oxide (8) . The protein and mRNA level of VEGF and the high-affinity receptor of VEGF, flk-1/KDR, were reported to be upregulated in the early as well as the late stage of experimental diabetic nephropathy (9, 10) . Recent animal studies (11, 12) utilizing neutralizing anti-VEGF antibody further demonstrated the involvement of this factor in early glomerular hypertrophy and mesangial matrix accumulation in the progressive stage of diabetic nephropathy.
Angiopoietin (Ang)-1, a major physiological ligand for Tie-2 receptor, is responsible for the recruitment and stable attachment of pericytes resulting in vascular maturation in the process of angiogenesis (13) . Ang-2 competitively inhibits the binding of Ang-1 to Tie-2, acting like a natural antagonist and rendering blood vessels "unstable" (14) . During kidney development, Ang-1, Ang-2, and Tie-2 are highly expressed and play pivotal roles in the maturation of glomeruli as well as renal blood vessels (15) . The involvement of Ang-1, Ang-2, and Tie-2 in the progression of diabetic nephropathy has yet to be elucidated.
Nephrin, a recently found podocyte protein, is crucial for the integrity of interpodocyte slit membrane structure and maintenance of an intact filtration barrier (16) . In diabetic nephropathy, protein level of nephrin decreases possibly through the loss of nephrin into urine due to synthesis of the splice variant isoform of nephrin lacking a transmembrane domain (17) (18) (19) .
Angiogenesis, the development of new blood vessels from preexisting ones (20) , is involved in physiological events such as wound repair, but uncontrolled neovascularization is associated with a number of pathological disorders including tumor growth and rheumatoid arthritis as well as diabetic retinopathy (21) .
A previous study (22) demonstrated that the increased glomerular filtration surface in diabetic nephropathy resulted from the formation of new glomerular capillaries in accordance with a slight elongation of the preexisting capillaries, analogous to the changes observed in pathologic diabetic retinopathy. That study was suggestive of the involvement of angiogenesis in the development of glomerular alterations in diabetic nephropathy similar to diabetic retinopathy.
Type IV collagen is expressed as six distinct ␣-chains [namely ␣1-␣6 (23)], assembles into triple helices, and forms a network. These ␣-chains consist of the NH 2 -terminal 7S domain, the middle triple helical domain, and the COOH-terminal globular noncollagenous domain (NC1) (24) . Tumstatin, the NC1 domain of the ␣3 chain of human type IV collagen, possesses potent antiangiogenic activity (25) . Tumstatin can block in vivo neovascularization induced by VEGF in mice, and the T7-and T8-peptides encompassing 25 amino acids in the NH 2 -terminus portion of tumstatin possess antiangiogenic capacity (26, 27) . Through its interaction with ␣V␤3-integrin, tumstatin inhibits activation of focal adhesion kinase (FAK), phosphatidylinositol (PI)-3 kinase, Akt, and mTOR and prevents the dissociation of the eIF4E/4E-BP1 complex, resulting in the inhibition of cap-dependent protein translation in endothelial cells (28, 29) .
In the present study, we demonstrate the therapeutic effect of tumstatin peptide in ameliorating alterations in the early stage of diabetic nephropathy induced by streptozotocin (STZ) in mice. Treatment with tumstatin peptide markedly suppressed glomerular hypertrophy, hyperfiltration, and urinary albumin excretion as well as the accumulation of mesangial matrix. These effects were supposed to be mediated through downregulation of proangiogenic factors, VEGF and Ang-2, and the recovery of nephrin expression.
RESEARCH DESIGN AND METHODS
Induction of diabetes and experimental protocols. The experimental protocol was approved by the Animal Ethics Review Committee of Okayama University Graduate School of Medicine and Dentistry. Female C57BL6 mice were fed a standard pellet laboratory diet and were provided with water ad libitum. Diabetes was induced in weight-matched 7-to 8-week-old mice by three intraperitoneal injections of STZ (Sigma, St. Louis, MO) (133 mg/kg body wt) dissolved in 10 mmol/l Na citrate, pH 5.5. Control mice received injections with buffer alone. STZ or citrate buffer was administered at three time points occurring at 48-h intervals during the first week. Mice with blood glucose in the range of 250 -400 mg/dl were divided into the following four subgroups: 1) tumstatin treatment for 2 weeks, 2) vehicle buffer treatment for 2 weeks, 3) tumstatin treatment for 3 weeks, and 4) vehicle buffer treatment for 3 weeks (n ϭ 5 for each subgroup). Mice of groups 1 and 3 received daily intraperitoneal injection of tumstatin-peptide (T8-peptide) at the dosage of 1 mg/kg body wt, and mice of groups 2 and 4 received vehicle buffer (PBS). Blood glucose levels and urine samples were monitored every week and when needed, and diabetic mice were given supportive insulin treatment (Ultratard; Novo Nordisk) (1 unit/kg body wt twice a week) to prevent ketosis without significantly affecting blood glucose levels. No mice died during the experimental period. At the end of each of the experimental periods, individual 24-h urine sample collections were performed and body weight measured. Nonfasting blood samples were drawn from the retro-orbital venous plexus using heparinized capillary tubes under anesthesia. Kidney weights were measured just after the mice were killed. Tumstatin peptide (amino acid sequence: H-KQRFTTMPFLFCNVNDVCNFASRNDYS-OH) (27) was synthesized and purified by high-performance liquid chromatography (Kurabou, Osaka, Japan; and Multiple Peptide Systems, San Diego, CA) and characterized as previously described (27) . Tumstatin peptide, with its purity higher than 96%, was used and dissolved in PBS to be used for the animal experiments. The dosage of tumstatin peptide used in the present study was determined according to previous studies using the tumstatin-derived tum-1 or tum-5 domain in the experimental mouse tumor model in vivo (25, 27) . Blood and urine examination. Blood glucose was measured in tail-vein blood, and urine was tested for ketone bodies and glucose by SRL (Okayama, Japan). Serum and urinary creatinine levels were measured by the enzymatic colorimetric method as described (30, 31) . Urinary albumin concentration was measured by nephelometry (Organon Teknika-Cappel, Durham, NC) using anti-mouse albumin antibody (ICN Pharmaceuticals, Aurora, OH) as previously described (31) . Results were normalized to the urinary creatinine levels and expressed as urinary albumin-to-creatinine ratio (UACR). The creatinine clearance (Ccr) was calculated and expressed as milliliters per minute. Histological analysis. At 2 or 3 weeks after the initiation of treatment, kidneys were removed, fixed in 10% buffered formalin, and embedded in paraffin. Sections (3 m) were stained with periodic acid-Schiff (PAS) for light microscopic observation. Mean glomerular tuft volume (G V ) was determined from the mean glomerular cross-sectional tuft area (G A ) as described previously (32) . Thirty glomeruli from each cortical area were observed, and images were taken and analyzed by using National Institute of Health (NIH) Image software to determine the mean G A . G V was calculated as
3/2 , with ␤ ϭ 1.38, the shape coefficient for spheres, and k ϭ 1.1, a size distribution coefficient (32) . More than 30 glomerular cross-sections were observed by two investigators and averaged to determine glomerular cell number and capillary number. Immunohistochemistry. Immunohistochemistry was performed using frozen or formalin-fixed, paraffin-embedded sections as previously described (26, 33) . For immunohistochemistry of CD31, paraffin-embedded sections (4 m) were dewaxed and rehydrated. Endogenous peroxidase was quenched with 3% H 2 O 2 for 30 min, and sections were blocked with 10% normal goat serum (Sigma). Sections were incubated with rat anti-mouse CD31 monoclonal antibody (Pharmingen, San Diego, CA) overnight at 4°C. Sections were then washed and incubated with secondary anti-rat IgG antibody, and immunoperoxidase staining was carried out using the Vectastain ABC Elite reagent kit (Vector Labs, Burlingame, CA) as previously described (33, 34) . Diamino-benzidine was used as a chromogen. All slides were counterstained with hematoxylin. Normal rat IgG was used as a negative control. The number of CD31-positive glomerular capillaries was determined by observing Ͼ20 glomeruli from each section.
Glomerular accumulation of monocyte/macrophage was determined by immunohistochemistry using rat anti-mouse F4/80 antibody (Serotec, Oxford, U.K.). Frozen sections were fixed in acetone and subjected to immunoperoxidase staining using the Vectastain ABC Elite reagent kit as previously described (33) . Diamino-benzidine was used as a chromogen. The number of F4/80-positive cells was determined by observing Ͼ20 glomeruli from each section.
Immunofluorescence staining for type IV collagen or nephrin was performed using frozen kidney sections. Four-micrometer sections were fixed in acetone, blocked with 10% goat serum, and incubated overnight with polyclonal rabbit anti-mouse type IV collagen antibody (Chemicon International, Temecula, CA) or polyclonal guinea pig anti-nephrin antibody (Progen, Heidelberg, Germany). Then, sections were stained with fluorescein isothiocyanate-or rhodamine-conjugated anti-rabbit or guinea pig IgG secondary antibodies for 30 min at room temperature. After washing in PBS, sections were observed by a confocal laser fluorescence microscope (LSM-510; Carl Zeiss, Jena, Germany). The immunoreactivity of type IV collagen was quantified as follows: color images were obtained as TIF files by LSM-510. The brightness of each image file was uniformly enhanced by Photoshop software (Adobe Systems, San Jose, CA), followed by analysis using NIH Image. Image files (TIFF) were inverted and opened in gray-scale mode. Type IV collagen index was calculated using the following formula: {[X (density) ϫ positive area (m 2 )]/glomerular total area (m 2 )}, where the staining density is indicated by a number from 0 to 256 in gray scale. RNA extraction and quantitative real-time RT-PCR. Kidneys from each mouse were homogenized, and total RNA was extracted using RNeasy Midi Kit (Qiagen, Chatsworth, CA) and stored at Ϫ80°C until use. Total RNA was subjected to RT with poly-d (T) primers and reverse transcriptase (RTG T-Primed First-Strand kit; Amersham Pharmacia Biotech, Piscataway, NJ). Quantitative real-time RT-PCR was used to quantify the amounts of nephrin mRNA. cDNA was diluted 1:5 with autoclaved deionized water, and 5 l of the diluted cDNA was added to Lightcycler-Mastermix, 0.5 mol/l specific primer, 3 mmol/l MgCl 2 , and 2 l Master SYBR Green (Roche Diagnostics, Mannheim, Germany). This reaction mixture was filled up to a final volume of 20 l with water. PCR was carried out in a real-time PCR cycler (Lightcycler; Roche Diagnostics). The program was optimized and performed finally as denaturation at 95°C for 10 min followed by 40 cycles of amplification (95°C for 10 s, 65°C for 10 s, and 72°C for 10 s). The temperature ramp rate was 20°C per s. At the end of each extension step, the fluorescence was measured to quantitate the PCR products. After completion of the PCR, the melting curve of the product was measured by temperature gradient from 65 to 95°C at 0.2°C per s with continuous fluorescence monitoring to produce a melting profile of the primers. The amount of PCR products was normalized with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) to determine the relative expression ratio for nephrin mRNA in relation to GAPDH mRNA. The following oligonucleotide primers specific for mouse nephrin and GAPDH were used: nephrin, 5Ј-ATCTCCAAGACCCCAGGTACACA-3Ј (forward) and 5Ј-AGGGT-CAGGACGGCTGA T-3Ј (reverse); and GAPDH, forward 5Ј-ATGGT GAAGGTCGGTGTG-3Ј and reverse 5Ј-ACCAGTGGATGCAGGGAT-3Ј. Four independent experiments were performed. Immunoblot. Immunoblot was performed as previously described (29) . Briefly, kidneys were homogenized in radioimmunoprecipitation assay (RIPA) buffer (30 l 2.2 mg/ml aprotinin, 10 l 10 g/ml phenylmethylsulfonyl fluoride, and 10 l 100 mmol/l sodium orthovanadate per 1 ml RIPA buffer) at 4°C. After centrifugation at 14,000 rpm for 30 min at 4°C, supernatant was collected and stored at Ϫ80°C until use. Total protein concentration was determined by using the DC-protein determination system (Bio-Rad) using BSA as a standard. Samples were processed for SDS-PAGE, and proteins were electrotransferred onto nitrocellulose membrane (Hybond-ECL; Amersham). The membranes were blocked with 5% nonfat dry milk in 1ϫ TBS (0.1% Tween-20) for 1 h, incubated overnight with polyclonal rabbit anti-mouse Ang-1, Ang-2 (Alpha diagnostics, San Antonio, TX), anti-VEGF, flk-1, and Tie-2 (SantaCruz) antibodies at 4°C. After incubation with horseradish peroxidaselabeled secondary antibodies for 1 h, signals were detected with an enhanced chemiluminescence system (Amersham). Membranes were reprobed with rabbit polyclonal anti-actin antibodies (Bio-Rad) to serve as controls for equal loading. The density of each band was determined using NIH Image software and expressed as a value relative to the density of the corresponding band obtained from the actin immunoblot. Statistical analysis. All values are expressed as means Ϯ SE. ANOVA with a one-tailed Student's t test was used to identify significant differences in multiple comparisons. A level of P Ͻ 0.05 was considered statistically significant.
RESULTS
Changes in blood glucose, body weight, and kidney weight/body weight. Administration of tumstatin peptide did not change plasma glucose concentrations as compared with diabetic mice treated with vehicle buffer after 2 or 3 weeks of treatment (Table 1) . Body weight was significantly lower in all of the diabetic groups as compared with the nondiabetic animals. There was no significant difference in body weight between diabetic mice treated with tumstatin peptide and diabetic animals treated with vehicle buffer. Diabetic animals exhibited significantly greater kidney weight-to-body weight ratio as compared with nondiabetic mice (Fig. 1A) . Treatment with tumstatin peptide for 2 or 3 weeks resulted in significantly decreased kidney weight-to-body weight ratio as compared with vehicle-treated diabetic mice (Fig.  1A) . Changes in serum creatinine, Ccr, and urinary albumin excretion. Serum creatinine levels did not significantly differ among the experimental groups (nondiabetic control 0.100 Ϯ 0.004 mg/dl at 2 weeks, 0.093 Ϯ 0.006 vs. 0.008 mg/dl for tumstatin peptide versus vehicle buffer, respectively). To evaluate the effect of tumstatin peptide on preventing hyperfiltration induced by STZ, we measured Ccr and urinary albumin excretion ( Fig. 1B and C) . Immunohistochemical analysis of glomerular type IV collagen expression. To further evaluate the therapeutic effect of tumstatin peptide in early diabetic nephropathy, the expression level of type IV collagen was examined by immunofluorescence staining (Fig. 3A-F) . The amount of type IV collagen in glomeruli was increased in the diabetic group (Fig. 3B ) as compared with nondiabetic mice (Fig.  3A) . Enhanced immunoreactivity in diabetic mice was observed mainly in glomerular basement membrane and mesangial area. Treatment with tumstatin peptide (3 weeks) decreased the accumulation of type IV collagen induced by STZ (Fig. 3C ). Quantitative analysis revealed significant inhibitory effect of tumstatin peptide on glomerular accumulation of type IV collagen induced by STZ as compared with vehicle buffer treatment (Fig. 3D-G) .
Immunohistochemical analysis of glomerular CD31 expression. We next examined the expression of endothelial cell marker CD31 in glomeruli. In nondiabetic mice, CD31 was detected in glomerular capillaries (Fig. 4A) , and increased expression mainly localized to glomerular endothelial cells was observed in control diabetic mice (Fig.  4B) . Treatment with tumstatin peptide (3 weeks) markedly decreased the expression of CD31 in glomeruli (Fig. 4C) . The number of CD31-expressing glomerular capillaries was significantly increased in diabetic animals, but the STZ-induced increase in glomerular capillary number was significantly suppressed by tumstatin peptide (Fig. 4D ). These results demonstrate that tumstatin treatment resulted in the inhibition of increase in glomerular CD31-positive endothelial area induced by hyperglycemia possibly via its potent anti-angiogenic efficacy. Immunohistochemical analysis of monocyte/macrophage accumulation. We next examined the expression of monocyte/macrophage surface marker F4/80 in glomeruli. In diabetic mice, the number of F4/80-positive cells was significantly increased as compared with nondiabetic controls (Fig. 5) . Treatment with tumstatin peptide (3 weeks) markedly decreased the accumulation of monocyte/macrophage in glomeruli, suggesting the anti-inflammatory action of tumstatin in this model. Expression of VEGF, Ang-1, and Ang-2 protein and receptors. The effect of tumstatin peptide on the expression of angiogenesis-associated factors VEGF, Ang-1, and Ang-2 and corresponding receptors flk-1 and Tie-2 in the renal cortex was studied by immunoblot. The level of VEGF and flk-1 was significantly increased in diabetic mice, which is inconsistent with previous reports using STZ-induced diabetic rats (9) . Tumstatin treatment significantly suppressed the STZ-induced increase of VEGF and flk-1 (Fig. 6A, B, E, and F) . The expression of Ang-1 was detected in undiseased mice, not significantly altered by STZ, and tumstatin treatment did not affect on the expression of Ang-1 ( Fig. 6A and C) . In contrast, the protein level of Ang-2, an endogenous antagonist of Ang-1 (tie-2 ligand) involved in the induction of sprouting angiogenesis, was increased in diabetic mice as compared with undiseased mice (Fig. 6A and D) . Treatment with tumstatin peptide resulted in marked reduction of Ang-2 in diabetic mice as compared with vehicle-treated mice. The level of Tie-2 was mildly decreased in diabetic mice as compared with nondiabetic control mice ( Fig. 6E and G (Fig. 7) .
Immunohistochemistry revealed the podocyte-specific localization of nephrin in undiseased mice and decreased as well as altered the expression pattern observed mainly in the central aspect of glomeruli rather than the peripheral pattern in diabetic mice (Fig. 7) . Tumstatin treatment resulted in the restoration of nephrin expression with dominant localization along the glomerular capillary area (Fig. 7) . These results suggest a supportive role of tumstatin in maintaining nephrin and thus the glomerular filtration barrier, leading to the suppression of albuminuria induced by STZ.
DISCUSSION
The major microvascular complications of diabetes are composed of diabetic retinopathy, neuropathy, and nephropathy. Among these three complications, patients with diabetic nephropathy require careful management, considering the cardiovascular morbidity and mortality associated with this complication. Angiogenesis, the formation of new blood vessels from preexisting ones, are composed of several steps, 1) the degradation of vascular basement membrane matrix by protease, 2) migration and proliferation of endothelial cells, 3) endothelial tube formation, 4) recruitment and attachment of mesenchymal cells to the tube, and 5) maturation of blood vessels (35) . Angiogenic growth factor VEGF induces the activation of matrix-degrading protease represented by matrix metalloprotease, migration, and proliferation of endothelial cells (36) . Another angiogenesis-associated factor Ang-1 is involved in the attachment of mesenchymal cells to endothelial tube and differentiation to "pericytes," resulting in mature, "nonleaky" blood vessels (13) . Ang-1 binds to the tyrosine kinase receptor Tie-2 and promotes the firm attachment of pericytes (13) . Ang-2 is the natural antagonist of Ang-1 and loosens the attachment of pericytes, resulting in promoting sprouting angiogenesis in the presence of VEGF (14). 
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The involvement of VEGF in progressing diabetic nephropathy is demonstrated in a number of previous reports suggesting the therapeutic potential of the inhibition of VEGF signaling (9 -12) . To date, the involvement of Ang-1, Ang-2, and Tie-2 in the process of diabetic nephropathy is not studied extensively. In contrast, the involvement of these factors has been demonstrated in the setting of diabetic retinopathy. Increased expression of VEGF (37) and therapeutic efficacy of Ang-1 associated with antiinflammatory bioactivities have been reported in diabetic retinopathy (38) . The morphological phenomenon observed in diabetic nephropathy (capillary elongation and increased glomerular capillary number) suggests the involvement of the angiogenic process in analogy with diabetic retinopathy, thus implicating the possible involvement of Ang-1 and Ang-2 in addition to VEGF in the progression of diabetic nephropathy.
Tumstatin, an endogenous inhibitor of tumor and angiogenesis, inhibits cell proliferation, specifically in endothelial cells (25) (26) (27) (28) (29) 39 ). Tumstatin also inhibits in vivo neo- vascularization induced by VEGF, suggesting its potential therapeutic efficacy in diabetic nephropathy, since upregulation of VEGF and VEGF receptors have been reported in diabetic nephropathy (9, 10) . In the present study, we used a diabetic nephropathy mouse model induced by STZ and examined the therapeutic efficacy of tumstatin peptide. In diabetic mice, characteristic changes in early diabetic nephropathy, such as increased urinary albumin excretion, glomerular hypertrophy, glomerular hyperfiltration as evidenced by increased Ccr and increase in kidney weight relative to body weight, were observed. In contrast, inhibitory effects on these early abnormalities in diabetic nephropathy were observed in diabetic mice treated with tumstatin peptide. The increase in glomerular cell number was significantly suppressed after tumstatin treatment. It is well known that renal glomeruli are composed of three types of resident cells: endothelial, mesangial, and epithelial cells (podocytes). Although we could not determine exactly which cell type has contributed to the decreased glomerular cell number in animals treated with tumstatin peptide, we speculate that it was reflected by the decrease in endothelial cell number, at least in part, considering the decreased CD31-positive glomerular capillary number. We speculate that this effect was mediated via the potent antiangiogenic efficacy of tumstatin peptide. In addition, increased accumulation of monocyte/macrophage in glomeruli had been reported in diabetic nephropathy in human and animal models (31) . Considering the effect of VEGF in promoting vascular permeability, it is possible that increased monocyte/macrophage accumulation in diabetic nephropathy may also be partially mediated via stimulation of VEGF. Since tumstatin potently inhibits VEGF-induced angiogenic action, we speculate that the inhibitory effect of tumstatin peptide on the recruitment of monocyte/macrophage was mediated, at least in part, via interference in VEGF signal, leading to decreased vascular permeability.
Next, we observed the inhibitory effect of tumstatin peptide on the accumulation of type IV collagen in glomeruli in diabetic mice. Since the NC1 domain of type IV collagen is speculated to play a crucial role in the assembly of type IV collagen to form trimers (24) , it is suggested that tumstatin inhibited the accumulation of type IV collagen by modulating the assembly of collagen chains. In general, trimers consisting of ␣3, ␣4, and ␣5 chains of type IV collagen are the dominant component of glomerular basement membrane (40) . Considering that tumstatin is derived from ␣3(IV) chain, tumstatin may have suppressed excess assembly of trimers consisting of ␣3, ␣4, and ␣5(IV) chains, thus leading to reduced thickening of glomerular basement membranes induced by STZ. The pivotal role of TGF-␤1 in renal fibrosis has been well characterized (41). We could not observe evident differences in the expression level of TGF-␤1 between tumstatin-and vehicle-treated diabetic mice (immunohistochemistry, data not shown), suggesting that the therapeutic effect of tumstatin on the accumulation of glomerular type IV collagen was mediated via altered matrix assembly rather than the inhibition of TGF-␤1. Then, the effect of tumstatin-peptide on angiogenesisassociated factors was examined. The level of VEGF and flk-1 was markedly increased in the kidney of diabetic mice, inconsistent with previous studies (9 -12) . In contrast, tumstatin treatment significantly suppressed the increase of VEGF as well as flk-1 in kidneys of diabetic mice. The therapeutic effect of tumstatin peptide in early diabetic nephropathy may be attributed at least in part to the inhibition of the VEGF pathway, which is analogous with previous studies using neutralizing anti-VEGF antibodies (11, 12) . The potential advantages of tumstatin peptide over anti-VEGF antibodies would be that tumstatin-peptide is derived from human endogenous matrix protein, that peptide can be produced feasibly with less cost as compared with antibodies, and that immune responses by antibody production are unlikely. A previous report (42) demonstrated the effect of VEGF to augment protein synthesis and hypertrophy in mouse renal proximal tubular epithelial cells in a PI 3-kinase-and Aktdependent manner. The effect of tumstatin peptide in suppressing the increase of VEGF and flk-1 in diabetic mice might have lead to decreased protein synthesis and reduced hypertrophy in tubular epithelial cells, thus resulting in the reduction in the kidney weight-to-body weight ratio. Although the expression of Ang-1 was not altered, the expression of Ang-2 was markedly increased in diabetic mice. Tumstatin treatment did not affect Ang-1 level but significantly decreased the expression of Ang-2 close to the level of nondiabetic mice. The level of Tie-2 was mildly decreased in diabetic mice as compared with nondiabetic mice, and tumstatin peptide did not alter the level of Tie-2. These results suggest the dominant involvement of changes in the level of ligand protein (Ang-1/2) rather than changes in the level of receptor (Tie-2) regarding the effect of tumstatin peptide in this model. The marked increase of Ang-2 over Ang-1 in diabetic mice suggests the proangiogenic milieu considering simultaneous upregulation of VEGF and unstable condition of capillaries possibly associated with inflammatory response, such as monocyte recruitment as evidenced by F4/80 immunostaining. These results suggest the biological function of tumstatin peptide as an antiangiogenic peptide in a diabetic nephropathy model, similar to its efficacy reported on tumor models (25, 26) .
Nephrin, the first true functional molecule of the interpodocyte filtration slit diaphragm (43) , has been discovered from genetic studies of patients with the congenital nephritic syndrome of the Finnish type, showing that mutations in the gene coding nephrin (NPHS1) are associated with massive proteinuria (16) . A correlation between altered expression of nephrin and proteinuria has been shown in various experimental models of renal disorders. Altered distribution as well as reduced expression of nephrin in glomeruli has been demonstrated in patients with nephrotic syndrome (44) . In the setting of diabetic nephropathy, recent studies have shown the altered expression pattern of nephrin (17, 19, 45) . Reduction in both mRNA and protein expression of nephrin was associated with proteinuria in diabetic spontaneously hypertensive rats (45) . In STZ-induced rat diabetes models and in NOD mice, redistribution of nephrin from a glomerular epithelial cell pattern to a more central glomerular area, increased nephrin mRNA expression, and loss of nephrin protein into urine were observed (17) . These changes were attributed to the increase in the variant form of nephrin protein lacking the transmembrane spanning domain due to the alternatively spliced nephrin mRNA (46) . In human type 1 and type 2 diabetic nephropathy, redistribution and reduced expression of nephrin in glomeruli have been demonstrated (19) . In the present study, we observed decreased nephrin mRNA expression in diabetic mice and the recovered expression of nephrin after tumstatin treatment. To date, there are no reports on nephrin gene and protein expression using STZ-induced diabetic mice models. In the present study, we have used PCR primers for nephrin designed to amplify the extracellular domain close to the transmembrane domain (17) considering the possible influence by alternatively spliced nephrin mRNA. We also examined nephrin mRNA level using distinct pairs of primers designed against the NH 2 -terminal domain and obtained similar results (data not shown). The pattern of nephrin protein expression was altered in diabetic mice similar to previous studies with more central localization and less epithelial staining in glomeruli and was recovered after tumstatin treatment. Considering the pivotal role of nephrin in the maintenance of glomerular filtration barrier, the recovery of nephrin after tumstatin treatment might be associated with decreased albuminuria. Although we could not clarify the precise mechanism of action of tumstatin peptide on nephrin that is exclusively expressed on podocytes, the indirect influence of glomerular endothelial cells toward podocytes (possibly mediated via secreted factors or alteration on matrix microenvironment) might be involved. A recent genetic study (47) using mice with podocyte-specific overexpression or deletion of VEGF demonstrated the development of proteinuria and pathological changes in glomerular endothelial cells, suggesting the importance of appropriate level of VEGF in maintaining glomerular filtration barrier. The suggested role of Ang-1 in maintaining glomerular endothelium and regulating the action of VEGF on glomerular permselectivity (48) further supports the importance of the interaction between glomerular endothelial cells and podocytes in maintaining glomerular structures as well as biological functions.
In conclusion, we demonstrated that antiangiogenic tumstatin peptide effectively ameliorated alterations in early diabetic nephropathy induced by STZ. To date, this is the first report showing the efficacy of endogenous antiangiogenic factors in preventing the progression of diabetic nephropathy. These results implicate the therapeutic potential of tumstatin peptide on human diabetic nephropathy, in addition to its potent effect on the treatment of tumor and metastasis.
